Abstract: The aim of this study was to explore whether, during the course of a 15 days-lasting experiment, a two hours per day and five days per week, 2.45 GHz microwave whole-body irradiation may substantially and therefore provably affect rats' nocturnal urinary 6-hydroxy-melatonin sulphate (aMT6s) excretion and urinalysis parameters. The average whole-body specific absorption rate (SAR) equalled to 1.25 (± 0.36 SE) W/kg. To collect nocturnal urine samples, animals were held in individual metabolic cages every experimental night from 7:00 PM till 7:00 AM next day. The concentration of aMT6s in rat urine samples was determined by a direct radioimmunoassay. Bilirubin, ketones, and urine protein content have been determined via multiple-use reagent strips. In comparison to the sham-exposed group, no significant changes in body temperature and food or water intake were observed in the exposed group. A decline in aMT6s, determined in the exposed rats, was observed from day 8 to day 11 of the experiment (P < 0.05). The aMT6s level remained consistently low until the end of the experiment, but not significantly lower than the control values. The results of the urine samples biochemical workup failed to reveal any significant differences between the exposed and the control animal groups. The results of this study suggest that, under the above described experimental conditions, repeated 2.45 GHz irradiation could act as a stressor and therefore influence the melatonine balance in rat.
Introduction
Public exposure to the radiofrequency and microwave (RF/MW) sources is exponentially growing worldwide, among others due to medical use (diathermy), and the steadily increasing number of industrial and household devices, and communication equipment. In vitro and in vivo bioeffects resulting from RF exposure were reported and include changes in cell membrane functioning, major changes in calcium metabolism and cellular signal communication, in vitro and in vivo cell proliferation and differentiation, activation of protooncogenes, activation of heat shock proteins, and cell death (Saunders et al. 1997; Cleary 1997; Fritze et al. 1997; Leszczynski et al. 2002; Hyland 2001; Trosic 2001; Trosic et al. 2002 Trosic et al. , 2004a Busljeta et al. 2004 ). The resulting effects include DNA breaks and chromosome aberrations, increased free radical production, cell stress, and premature aging (Lai & Singh 1996; Tice et al. 2002) . Changes in brain function, leading to memory loss, learning impairment, headaches and fatigue, sleep disorders, neurodegenerative conditions, behavioural changes, reduction in melatonin secretion, and cancer onset, have been reported as well (Repacholi 1998; Verschaeve & Maes 1998; Sage 2000) . Current scientific efforts are directed towards, and powered by the growing recognition of the fact that non-thermal, i.e., low intensity RF exposure can be detected in living tissues and result in well-defined bioeffects. Animal studies play a vital role in evaluation of the nature and patterns of integrated reactions displayed by various body systems, in particular the nervous and the immune ones. These systems are largely responsible for the preservation of homeostasis, i.e., the maintenance of crucially important inner balance. Within the frame of animal studies, complex, co-ordinated, inter-dependent responses of these systems to the challenges evoked by potentially damaging stimuli, may be reproduced more easily than within the frame of human studies, the latter having a number of already well-recognized limitations (Trošić et al. 1999 (Trošić et al. , 2004b . One of straightforward approaches that might lead to at least partial elucidation of RF/MW effects on living organisms is powered by the melatonin hypothesis proposed by Stevens & Davis (1996) . Melatonin hypothesis has gained an increased attention due to the reports on electromagnetic field (EMF)-lowered nocturnal melatonin concentrations, the demonstration of melatonin oncostatic potential (i.e., its capability to inhibit cancer cell growth and/or affect the immune system) and the notion that EMFs, in turn, are capable to alter that oncostatic potential in an unfavourable manner (Brainard et al. 1999) . Three assumptions on the action of EMFs through the melatonin pathways exist. First, it has been hypothesised that EMFs could lower melatonin concentrations, subsequently leading to an increase in oestrogen and prolactine concentrations, which could eventually increase the incidence and prevalence of hormonally-mediated cancers. Second, on the account of melatonin anti-oxidative properties, the lowering of its levels could result in the increased susceptibility to the DNA damage, which may eventually give rise to the overall cancer risk. Finally, some of the authors assume that EMFs are capable of diminishing melatonin's ability to inhibit cell proliferation, which again could be relevant for the cancer epidemiology in general (Stevens & Davis 1996) . The body of evidence on the EMF-induced animal melatonin depression is somewhat contradictory. Several studies have shown that electromagnetic radiation (EMR) acts in the manner of reducing melatonin levels both in animals and humans; the effect that can be encountered across almost the entire EM spectrum (ELF to RF/MW). It is believed that, during daytime, light penetrating the eyes passes a message to the pineal gland situated in the brain, so that the latter consequently slows down the melatonin production. At night, when the daylight is missing, the production of melatonin is speeded up. Melatonin is a small molecule, which could scavenge free radicals from cells and human body. Microwave radiation is believed to affect the pineal gland in terms of suppressing the overnight melatonin production, cutting it down to the daytime levels; hence the "good work" of melatonin, attributable to its high night time levels, will be restricted, leading to the suppression of the immune system (Cherry 2000) . Nevertheless, according to deSeze and co-workers, the circadian profile of melatonin registered in 37 young male volunteers exposed to 900 and 1800 MHz EMFs, remained unaltered (deSeze et al. 1999) . Furthermore, both continuous and pulsed 900 MHz 15-minute to 6-hour daytime and night time exposure had no notable effects on pineal melatonin synthesis in male and female rats and hamsters (Vollrath et al. 1997) .
Since melatonin levels are affected by light exposure, and possibly also by the exposure to ELF fields, it is reasonable to consider the option that its levels may be altered by RF/MW fields as well. However, not much in-depth research has been devoted to this issue insofar, and the few existing studies have failed to provide clear information on the topic. In view of the fact that urinary 6-hydroxy-melatonin sulphate (aMT6s) appears to be the main end-product of the pineal melatonin metabolism, the aim of the investigation presented herein was to investigate whether, during the course of a15 days-lasting experiment, a two hours per day and five days per week 2.45 GHz MW exposure has demonstrable effects on rats' nocturnal urinary aMT6s and urinalysis parameters.
Material and methods
Male Wistar rats (13 week old, weighting approximately 350 g each) bred at the Institute for Medical Research and Occupational Health, Zagreb (IMI), were put under investigation. In accordance with the local regulations, animals were handled and cared in conformation with the protocol approved by the IMI Animal Care Committee. As an introductory phase, the animals passed through a week accommodation period. Both sham-exposed control (n = 10) and exposed animal group (n = 10) were kept in the steadystate microenvironment (22
, with 12 h light from 7:00 AM to 7:00 PM followed by equally long dark cycles at night. Animals were provided with standard laboratory food and water. During the course of the experiment, the experimental group was exposed to 2.45 GHz CW (continuous wave) RF/MW field for two hours a day, five days a week, each day between 8:00 AM and 10:00 AM. During exposure, the animals were put in individual Plexiglas cages and exposed to the RF/MW source in terms of a modified Micro-Chef Moulinex generator, having a power of 900 W. The irradiation in reference fell into the far field range, taken from the distance of 1.4 m. The individual cages were designed to house a single rat, thus ten separated rats placed in individual cages were exposed each day at the same hour. The power density of the field within the individual cages was measured by the EM Radiation Monitor, type EMR-20 and 8.2, Wandel & Golterman GmbH & Co. Germany, set on the "average mode", and was established to be 5-10 mW/cm 2 . The average whole-body specific absorption rate (SAR) was calculated according to the method proposed by Durney et al. (1986) , and was revealed to be 1.25 (± 0.36 SE) W/kg. According to the Independent Expert Group on Mobile Phones, SAR of this range excludes thermal stress in rats (IEGMP 2000) . During the exposure sessions, the animals were deprived from food and water. To eliminate the bias that might arise from thermal effects and their impact on the observed variables, rectal body temperature of the experimental animals were regularly measured both prior to and following the treatment, using a ThermoScan thermometer (Braun GmbH, Germany). Significant changes in body temperature of the treated animals with respect to sham-controls failed to be observed. The control animals were handled in the same manner as the treated ones, but were not irradiated at any point. In order to collect nocturnal urine, both sham-exposed and irradiated animals were individually held in metabolic cages each night in a row, from 7:00 PM to 7:00 AM next day and urine samples were collected every morning at the same time during the 15 day experimental period. In urine samples, in addition to the measurement of volumes, the concentration of aMT6s was determined by using a direct radioimmunoassay technique (Stockgrand Ltd., Guildford, UK). In order to gain an additional insight into the nocturnal urine biochemistry of the experimental rats, screening of urinary bilirubin, ketones and protein contents was performed by employing multipleuse reagent strips (N-Multistix Bayer Diagnostic, UK). Following the MW exposure, no changes in food or water intake were observed with respect to the controls. The results were statistically evaluated using non-parametric MannWhitney and Kruskal-Wallis tests (Willemsen 1974 ). Figure 1 shows the level of 6-hydroxy-melatonin sulphate (aMT6s) detected in rat urine samples subsequent to 2.45 GHz, 2 h-lasting MW exposure, repeated 5 days a week. In comparison to the sham-control animals, RF/MW exposed rats showed a significant decline in melatonin metabolite levels, noted between experimental days 8-11 (P < 0.05). The aMT6s level re- Fig. 1 . Time-course of nocturnal melatonin metabolite; 6-hydroxy-melatonin sulphate (aMT6s) observed in 2.45 GHz MW irradiated rats and matched sham-controls. Data points represent mean values and the standard deviations (x ± SD) of the endpoint values retrieved from ten separate urine samples. * significant difference at P < 0.05. mained consistently low until the end of the experiment, but did not significantly differ from the control findings.
Results
Bilirubin, ketone, and protein contents in nocturnal urine samples did not significantly differ between the treated and the control animal group (Fig. 2) .
Discussion
One of the reasons why scientists take so much interest in melatonin is that it represents a plausible path and biologically acceptable underlying mechanism of the electromagnetic field (EMF) action, exhibited across the EM spectrum, in particular from ELFs to RF/MWs . Melatonin has been reported to block RFinduced DNA strand breaks in rat brain cells and slow the growth of some pre-neoplastic lesions (Lai & Singh 1997; Imaida et al. 2000) . Studies on small animals have provided data supporting the hypothesis that electromagnetic fields suppress melatonin production. Moreover, under the influence of 1900 MHz EM field generated by a cellular phone, a significant reduction in human salivary melatonin secretion has been reported (Jarupat et al. 2003 ). It appears that EMFs suppress different components of melatonin secretion and metabolism (Grota et al. 1994; Brainard et al. 1999; Fernie et al. 1999; Brendel et al. 2000) . On the other hand, chronic exposure of lambs to the environmental electric and magnetic fields has failed to affect the mechanisms behind the circadian pattern of melatonin secretion (Lee et al. 1993) . Additionally, Stärk et al. (1997) pointed towards the absence of any effect of chronic RF exposure on salivary melatonin concentrations in cattle, concordant to the Vollrath's group who found no short-term effects of high frequency RF exposure on mammalian pineal gland and melatonin synthesis (Vollrath et al. 1997) . Latest investigations discovered that, a two-hour termed daily exposure to 900 and 1800 MHz fields during the course of 14 days or short term exposure to 1439 MHz field does not alter melatonin synthesis in rats and does not affect aMT6s excretion (Bakos et al. 2003; Hata et al. 2005) . Our study was aimed at determining whether 2.45 GHz field has demonstrable effects on nocturnal urinary rat melatonin levels and urinalysis parameters. A decline in aMT6s excretion encountered in microwave exposed rats was noted from day eight to 11 of the experiment (P < 0.05). The obtained effects became evident after repeated exposures, but apparently failed to lead to an irreparable damage. Minor biological significance of these findings and the subsequent recovery of aMT6s excretion to its normal indicate that 2.45 GHz microwave radiation could be viewed as a biological stressor capable of temporarily putting melatonin turnover out of balance when repeatedly present. The radiation effect under consideration appears to be transient, probably due to the successful adaptation of an organism. Although aMT6s excretion levels remained consistently low by the end the experiment, they actually did not significantly differ from the control ones, in particular not between experimental days 12-15. Besides, reversible decrease in aMT6s urinary levels could be either a speciesspecific rat pineal gland reaction to the applied radiation, or a part of hormonal fluctuations with no health repercussions. The nocturnal urine biochemical profile supports such a hypothesis, since bilirubin, ketone and, protein contents were not particularly influenced by the 2.45 GHz field applied.
